To clarify the involvement of G protein in denatonium signal transduction, we carried out a whole-cell patch-clamp analysis with isolated taste cells in mice. Two different responses were observed by applying GDP--S, a G-protein inhibitor. One response to denatonium was reduced by GDP--S (G-protein-dependent), whereas the other was not affected (Gprotein-independent). These different patterns were also observed by concurrently inhibiting the phospholipase C 2 and phosphodiesterase pathways via G protein. These data suggest dual, G-protein-dependent and -independent mechanisms for denatonium. Moreover, the denatonium responses were not attenuated by singly inhibiting the phospholipase C 2 or phosphodiesterase pathway, implying that both pathways were involved in G-protein-dependent transduction. In the Gprotein-independent cells, the response was abolished by the depletion of calcium ions within the intracellular store. These results suggest that Ca 2þ release from the intracellular store is an important factor. Our data demonstrate multiple transduction pathways for denatonium in mammalian taste cells.
A bitter taste is unpleasant, although bearable when weak, but repulsive when strong. A variety of chemical compounds induce bitter taste responses via different mechanisms. Bitter taste effectively warns us not to ingest potentially harmful compounds, and studies on the bitter transduction mechanisms have been reviewed. 1) Denatonium, a synthetic bitter substance, is widely used in bitter signal transduction. Many studies have implicated second-messenger-mediated mechanisms involving the activation of G protein in denatonium signal transduction. One possible mechanism involves the activation of phospholipase C 2 (PLC 2 ) via Gprotein-coupled receptors. [2] [3] [4] [5] [6] [7] [8] Activated PLC 2 catalyses an increase in diacylglycerol (DAG) and IP 3 , which activates IP 3 R in the endoplasmic reticulum, resulting in the release of Ca 2þ pools stored in this compartment. This Ca 2þ from the internal store may lead to the activation of the transient receptor potential channel, TRPM5, or may suffice to cause neurotransmitter release. Another possible mechanism is the activation of PDE via its receptor and G protein subunitgustducin, a taste-enriched G-protein. [9] [10] [11] The activation of PDE decreases the level of the intracellular cyclic nucleotide (cNMP) that may lead to opening/closing of the cNMP-gated (CNG) channels in taste cells. 12, 13) Both mechanisms generally rely on signaling cascades initiated by G-protein-coupled receptors. 1, [14] [15] [16] [17] However, aside from these G-protein-mediated pathways, there is the opinion that several bitter compounds do not require G-protein-coupled receptors for transduction. For instance, quinine and CaCl 2 have directly blocked voltage-gated K channels in mudpuppy taste cells, 18, 19) leading to membrane depolarization and transmitter release. Membrane permeant bitter compounds such as caffeine and theophylline increase intracellular cGMP by directly inhibiting PDE. 20) Caffeine has been proposed to use the G-protein-independent mechanism. Caffeine signal transduction may be not mediated through gustducin, because gustducin knockout mice were normal in their caffeine-tasting ability, and caffeine failed to activate transducin or gustducin in an in vitro assay.
11) It is known that caffeine is an agonist of the ryanodine-sensitive calcium store and may directly induce Ca 2þ release. The response to dextromethorphan (DXM), a bitter antitussive, did not involve G proteins and PLC in mudpuppy taste cells and has been suggested to enter taste cells and interact directly with the Ca 2þ store. 21) These G-protein-independent results were also different from the results that TRPM5 and PLC 2 null mice could not recognize quinine hydrochloride or denatonium. 22) However, Tsunenari 23) The choice of strategy adopted for the experiments (in vivo/vitro assays) might have caused some difference in the results. Caicedo et al. 24) have shown that the incidence of denatonium-responsive cells was significantly reduced in -gustducin-null mice. Nevertheless, some taste cells lacking -gustducin still responded to denatonium, suggesting the involvement of an other G protein subunit, G i2 , which was expressed in more taste cells than -gustducin-positive taste cells. Bitter taste receptor candidates, T2Rs, could couple with G i2 other than -gustducin. 25) However, T2Rs were coexpressed with a subset of -gustducin in taste cells. 5) These data indicate that there are no T2Rs ingustducin-or G i2 -negative cells. These findings suggest that there is non--gustducin, non-T2R-mediated transduction in bitter taste. G-protein-independent signal transduction has also been reported for denatonium. Denatonium may directly block the delayed-rectifier K þ channels in mammalian taste cells. 26) Another study has shown that -gustducin-null mice reduced the aversion to denatonium and reduced gustatory nerve responses, whereas they could recognize a high concentration (more than a few millimolar) of denatonium.
10) Gustducin-and transducin-double-null mice were also able to respond to denatonium at a high concentration. 27) These data imply the existence of G-protein-independent denatonium transduction mechanisms. Furthermore, our previous studies on mouse taste cells have shown that denatonium induced outward current responses, including either an increase or decrease in the membrane conductance, while reversal of the potential did not change during the stimulation. 28) Our data suggest that there are two types of mechanism in the signal transduction of denatonium in taste cells. The existence of multiple denatonium transduction mechanisms is therefore implied in not nonspecific cells but taste cells.
In the present study, we conducted an electrophysiological analysis to investigate the possibility of G protein-independent denatonium signal transduction in mouse taste cells. Our results indicate the presence of dual, G-protein-dependent and -independent mechanisms for denatonium in mouse taste cells.
Materials and Methods
Reagents. Collagenase and elastase were purchased from Worthington Biochemical Corporation (Lakewood, NJ, U.S.A.). Amiloride, DNase, denatonium benzoate, 8-bromo-guanosine-3 0 ,5 0 -cyclic-monophosphate (8-BrcGMP), 3-isobutyl-1-methylxanthine (IBMX), and thapsigargin were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). U73122 was purchased from Nacalai Corporation (Kyoto, Japan). All other reagents were of analytical grade and obtained from standard suppliers.
Solutions. Two solutions were used for cell preparation. The normal Ringer solution contained (in mM) 140 NaCl, 5 KCl, 1 CaCl 2 , 10 MgCl 2 , 10 glucose, 10 pyruvate Na, 0.014 phenol red, and 10 Na-HEPES at pH 7.4. The divalent-cation-free Ringer solution contained (in mM) 65 NaCl, 20 KCl, 20 glucose, 26 NaHCO 3 , 2.5 NaH 2 PO 4 , 0.014 phenol red, and 1 EDTA-4Na.
In respect of the basic patch pipette solutions and the extracellular solution, either 0.5 mM or 1.0 mM GDP--S, 1.0 mM U73122, 1.0 mM 8-Br-cGMP, or 1.0 mM IBMX was added to the pipette solution as appropriate. Similarly, 1.0 mM 8-Br-cGMP, 10 mM U73122 or 2.0 mM thapsigargin was added to the bath solution as appropriate.
Pipette solution: The solution used to fill the K þ pipette contained (in mM) 140 KCl, 1 CaCl 2 , 2 MgCl 2 , 5 ATP-Na 2 , 11 EGTA, and 10 K-HEPES at pH 7.2. The solution used to fill the Cs þ pipette contained (in mM) 140 CsCl, 1 CaCl 2 , 2 MgCl 2 , 5 ATP-Na 2 , 11 EGTA, and 10 NMDG-HEPES at pH 7.2.
Bath solution: The extracellular solution contained (in mM) 140 NaCl, 5 KCl, 1 CaCl 2 , 10 MgCl 2 , 0.014 phenol red, and 10 Na-HEPES at pH 7.4.
Preparation of isolated taste cells. Taste cells were isolated from 8-10-week-old female C57BL/6J Jms Slc mice. The mice were sacrificed by cervical dislocation. Their tongues were immediately removed and washed with the divalent-cation-free Ringer solution that had been equilibrated with 95% O 2 -5% CO 2 . The normal Ringer solution containing 2.5 mg/ml of collagenase, 2.0 mg/ml of elastase, 1.0 mg/ml of trypsin inhibitor, 14 mM DNase, and 10 mM amiloride was injected into the tongue from the cut end with a fine needle. The tongue was incubated for 10 min at 31.5 C in the divalentcation-free Ringer solution equilibrated with 95% O 2 -5% CO 2 , and the tongue epithelium was peeled off by using tweezers. The epithelium was rinsed with the divalent-cation-free Ringer solution, and fixed upsidedown with pins in the normal Ringer solution. This epithelium was stored at 4 C until needed. The isolated taste cells were sucked from the circumvallate and foliate papillae with a glass capillary under a dissecting microscope, and placed on to a patch-clamp recording dish coated with concanavalin A. The glass capillary was made from a borosilicate capillary (GC150T-10; Clark Electromedical Instruments, UK) coupled with a patch electrode puller (P-97; Shutter Instruments Co., U.S.A.). The tip of this capillary was fire-polished with a microforge (MF-83; Narishige, Japan), and its opening diameter was maintained at around 20 mm.
Electrophysiological recording. The whole-cell mode of the patch-clamp was used for electrical recording of the taste response. A dish containing isolated cells was placed on the stage of an inverted microscope provided with Hoffman modulation contrast. Patch pipettes were made from the borosilicate capillary (GC150F-10; Clark Electromedical Instruments, UK) and fire-polished to a final resistance of 6-10 M with a microforge. The pipette was connected to a patch-clamp amplifier and operated with a 3-D micromanipulator. The signal was low-pass-filtered at 1 kHz and sampled at 0.05-10 kHz by a 12-bit analogue-to-digital converter connected to a personal computer controlled by laboratory-made program. The command voltage was generated by a 12-bit digital-to-analogue converter with a time resolution of 0.1 ms, the command voltage resolution at the membrane being 0.098 mV. Series resistance was not compensated, and the input resistance was checked to be >1:0 G in the tested cells. An Ag-AgCl indifferent electrode was connected to the bath solution via an agar bridge containing the Ringer solution from which CaCl 2 and MgCl 2 had been removed. All experiments were performed at room temperature (20) (21) (22) (23) (24) (25) (26) C).
Taste stimulation. Denatonium benzoate (1 mM) was dissolved in the extracellular solution to fill the stimulus pipette (3 mm opening). The pipette for stimulation was connected to a microinjector (IM-200; Narishige, Japan) and positioned within about 25-30 mm of the taste cell by a micromanipulator (WR-90; Narishige, Japan). After the whole-cell configuration had been established, the excitability of the cell was confirmed. Denatonium stimuli were then applied to the taste cell by pressure ejection (20 kPa) for 30 s. The response of the taste cell was measured in the voltage-clamp mode (holding potential at À80 mV).
The cells were superfused at a rate of 1 ml/min with the extracellular solution. K þ and Cs þ internal solutions were used to fill the pipette as appropriate. A Cs þ pipette was used to eliminate the voltage-dependent K þ current. The characteristics of the patched cells were checked before recording the denatonium-induced current. Cells isolated from the epithelium of the tongue often include both taste cells and non-taste cells. We selected spindleshaped cells as the taste cells (Fig. 1A) . Moreover, we assumed that they had a voltage-dependent fast transient inward current of Na þ ions and slow outward current of K þ ions (Figs. 1B and C) , since mouse taste cells are excitable. To distinguish the taste cells from nonsensory epithelial cells, their electrical excitability was confirmed by depolarizing voltage pulses after the wholecell configuration had been established. The excitable cells, which had a voltage-dependent channel, were regarded as healthy taste cells and used for the experiments. During recording, the resting potential was stable at around À40 mV, and a depolarization step confirmed that the tested taste cells had excitability.
Results
Dual, G-protein-dependent and -independent responses for denatonium
To investigate the involvement of G protein in denatonium signal transduction, the effect of GDP--S (a non-specific G-protein inactivator) was analyzed by adding it to the patch pipette solution.
Immediately after establishing the whole-cell configuration, denatonium stimulation was applied to a taste cell. Most of tested cells induced an outward current. This was regarded as the inherent response to denatonium before GDP--S had diffused into the cells. After 10-15 minutes, when GDP--S had completely diffused throughout the taste cells, the cells were stimulated again with denatonium. Interestingly, the GDP--S treatment showed two different response patterns. In some cells, the response was significantly inhibited by GDP--S (n ¼ 12 of 35 cells tested; p < 0:001, Figs. 2A  and 2C ), whereas other cells were not affected by GDP- Current responses to 1.0 mM denatonium were recorded at À80 mV before (left panels) and after (right panels) the diffusion of GDP--S, a non-selective G-protein inhibitor. Solid lines denote the period of denatonium stimulation for 30 s. A, G-protein-dependent responses (0.5 mM GDP--S, n ¼ 3 of 6; 1.0 mM GDP--S, n ¼ 9 of 29). B, G-protein-independent responses (0.5 mM GDP--S, n ¼ 3 of 6; 1.0 mM GDP--S, n ¼ 20 of 29). C, Pharmacological effects of GDP--S on the denatonium-induced current. The current amplitude after GDP--S application has been normalized by that of before the application. Each relative ratio is presented as the mean AE SEM. The responses shown in (A) were significantly suppressed (unfilled bar, ÃÃÃ p < 0:001, paired t-test), but the responses shown in (B) were not significantly suppressed (filled bar, p ¼ 0:526, paired t-test). The relative ratio of the responses shown in (A) was significantly lower than that in (B) ( ## p < 0:0001, unpaired t-test).
-S (n ¼ 23 of 35; Figs. 2B and 2C). This unaffected outward response to denatonium stimulation was observed even after 40 minutes when GDP--S had completely diffused throughout the cell. A Statistical analysis showed that the two types of cell showed the different responses to denatonium (Fig. 2C , p < 0:0001).
G-Protein-independent denatonium signal transduction requires intracellular Ca 2þ release We studied the mechanism for the G protein-independent denatonium-induced response in more detail. It has been reported that several bitter tastants directly interacted with the Ca 2þ store 21) or directly inhibited PDE. 20) Therefore, the involvement of the intracellular Ca 2þ store and PDE was examined in the G-proteinindependent denatonium pathway.
We first investigated the role of the intracellular Ca 2þ store in the G-protein-independent current. After confirmating a G-protein-independent response in the taste cells, the extracellular solution was replaced with the alternate extracellular solution containing 2.0 mM thapsigargin to deplete the intracellular Ca 2þ store. The denatonium-induced outward response was abolished by thapsigargin (n ¼ 4; Figs. 3A and 3D, p < 0:002). Since there was a possibility that Ca 2þ release from the Ca 2þ store had been caused by PLC 2 activation, the PLCmediated pathway was blocked by U73122. U73122 (10 mM, a PLC inhibitor) at a dose sufficient to affect PLC 8, 21, 29) had no effect on the G-protein-independent denatonium response (n ¼ 5; Figs. 3B and 3D) .
We also investigated the involvement of the PDEmediated pathway in the G-protein-independent denatonium current. Applying 8-Br-cGMP (1.0 mM; a mem- These experiments were carried out on the GDP--S-insensitive cells. The bathing solution was replaced with the extracellular solution containing 2 mM thapsigargin (A), 10 mM U73122 (B), or 1 mM 8-Br-cGMP (C). A, The G-protein-independent current was abolished by thapsigargin (n ¼ 4). B and C, The G-protein-indepedent current was not attenuated by 8-Br-cGMP or U73122 (n ¼ 3, n ¼ 5, respectively). D, Pharmacological effects of 8-Br-cGMP, U73122, and thapsigargin on the denatonium-induced current. The responses shown in (A) were significantly suppressed by thapsigargin ( ÃÃ p < 0:002, paired t-test).
brane-permeating cGMP analogue) did not affect the Gprotein-independent outward current (n ¼ 3; Figs. 3C  and 3D ).
G-Protein-dependent denatonium signal transduction needs both PLC and PDE activations
Since second-messenger-mediated pathways such as PDE and PLC are induced by the activation of G protein, the denatonium-induced responses were recorded when the PDE and PLC pathways were blocked in order to elucidate G-protein-dependent denatonium signal transduction.
To block both the PDE and PLC pathways, 8-BrcGMP (1.0 mM) and U73122 (1.0 mM) were added to the K þ pipette solution. Interestingly, similar to the application of GDP--S, the co-application of 8-Br-cGMP and U73122 showed two different response patterns. In some cells, the response was significantly inhibited by these modulators (n ¼ 6 of 10; Figs. 4A-1 and 4D, p < 0:001), whereas other cells were not affected (n ¼ 4 of 10, Figs. 4A-2 and 4D ). The inhibition ratios were significantly different among these cells (Fig. 4D , p < 0:0001).
We examined the independent effect of the PLC and The taste cell response to denatonium was recorded with a K þ pipette containing (A) 1 mM 8-Br-cGMP and 1 mM U73122, (B) 1 mM 8-BrcGMP only, or (C) 1 mM U73122 only. All the left-hand panels show the denatonium-induced response before diffusion of the additives into the taste cells, while the right-hand panels show the response after diffusion. Solid lines denote the period of denatonium stimulation for 30 s. A, Two types of response were observed after combined 8-Br-cGMP and U73122 application. Some cells were significantly suppressed by these agents (A-1; n ¼ 6=10Þ, whereas others were not suppressed (A-2; n ¼ 4=10Þ. B, 8-Br-cGMP did not affect the denatonium-induced current (n ¼ 3). C, U73122 did not affect the denatonium-induced current (n ¼ 3). D, Pharmacological effects of 8-Br-cGMP and/or U73122 on the denatoniuminduced current. The responses shown in (A-1) were significantly suppressed by 8-Br-cGMP and U73122 (shaded bar, ÃÃÃ p < 0:001, paired ttest), and the responses in (A-2) were not (filled bar, p ¼ 0:203, paired t-test). These two responses shown in (A) were significantly different ( ## p < 0:0001, unpaired t-test).
PDE pathways on the respective G-protein-dependent denatonium responses. The denatonium outward response was not impaired by 1.0 mM 8-Br-cGMP (n ¼ 3; Figs. 4B and 4D ). We also examined the effect of IBMX, as a direct inhibitor of PDE, on the denatonium response. The addition of 1.0 mM IBMX to the Cs þ pipette solution had no effect on the current response (n ¼ 5, data not shown).
Finally, U73122 (1.0 mM) was added to the K þ pipette solution to test whether a PLC-and IP 3 -related mechanism was involved in denatonium signal transduction. Even with such an excessive concentration of U73122 (1.0 mM), denatonium repeatedly induced an outward current, which wasn't impaired even 10-20 min after the diffusion of U73122 (n ¼ 3; Figs. 4C and 4D ).
Discussion
We found in the present study two types of denatonium-induced response by blocking the activation of G protein. One response was abolished by GDP--S (Gprotein-dependent), while the other was not diminished by GDP--S (G-protein-independent). Similarly, two types of response were also obtained by co-blocking the second-messenger-related PDE and PLC pathways via G protein. These findings suggest that there are dual, Gprotein-dependent and -independent mechanisms in the response to denatonium in mammalian taste cells.
Wong et al. 10) have shown that, in behavioral experiments, while a low concentration of denatonium was not recognized, a high concentration of more than a few millimolar was recognized by -gustducin-null mice. Even gustducin-and transducin-double-knockout mice were able to respond to a high concentration of denatonium. 23) Previous studies have suggested the possibility of backup systems through other G proteins. 30) In this study, however, the denatonium response was not abolished by even a non-specific G-protein inactivator, suggesting a possible novel G-proteinindependent pathway in denatonium signal transduction.
We have subsequently examined the G-protein-dependent and -independent mechanisms in detail. In Gprotein-independent cells, the depletion of calcium ions in the intracellular Ca 2þ store diminished the denatonium response, while treatment with U73122 or 8-BrcGMP had no effect on the denatonium-induced response. These results suggest that denatonium induced direct Ca 2þ release from the intracellular Ca 2þ store in G-protein-independent transduction.
In our study, upon the application of 8-Br-cGMP, the level of intracellular cNMP was kept high. An excessive level of cNMP blocks transmission through the PDE pathway and leads to desensitization of the CNG channels. As a result, 8-Br-cGMP blocks not only transmission through the PDE pathway, but also the opening/closing of the CNG channel. The sensitivity to cGMP has been found to be about 100 times greater than that to cAMP in the CNG channels expressed in taste cells, 13) and moreover, Rosenzweig et al. 20) have suggested that bitter taste signal transduction may be mediated by cGMP through the direct inhibition of PDE, independent of a G-protein-mediated pathway. Hence, we selected 8-Br-cGMP as the modulator in this study.
Subsequently, in order to elucidate the G-proteindependent and -independent mechanisms, the blocking effect of the PDE and PLC pathways on the denatonium response was examined. Interestingly, when the PDE and PLC pathways were concurrently blocked, two patterns of denatonium response were observed, similar to the case of GDP--S; a diminished pattern meant Gprotein-dependent, and an unaffected pattern meant Gprotein-independent. On the other hand, there was no effect on the denatonium-induced response when the PDE or PLC pathway was solely blocked. Other studies have also suggested that both a transient decrease in cNMP and increase in IP 3 in mice were needed in Gprotein-dependent denatonium transduction. 31, 32) Together with our data, both the PDE and PLC pathways may play an important role in G-protein-dependent denatonium transduction.
The experimental results show that the percentage of the U73122-and 8-Br-cGMP-unaffected patterns was lower than the GDP--S-unaffected pattern. There may also be other pathways: G protein-dependent, G proteinand PDE/PLC-independent, and G protein-independent but PDE/PLC-dependent. Another possibility is that the effect of the mixture of U73122 and 8-bromo-cGMP may occur more broadly than the effect of GDP--s due to an adverse drug action. Recent studies have indicated that the action of U73122 may not be specific, as originally thought, since the agent also inhibits phospholipase D activity, 33) and since U73122 elicits intracellular calcium release. 34) Furthermore, the inhibition by U73122 of the K ACh channels occurs downstream of the G or Na þ channel activation. 35 ) Intracellular cGMP has been demonstrated to modulate the activities of ion channels in various species and tissue types, as reviewed by Lucas et al. 36) Intracellular cGMP has been found to either stimulate or depress the L-type Ca 2þ current not only by altering the cAMP concentration through the regulation of PDEs, but also by activating cGMP-dependent protein kinase. 37) cGMP also regulates the activating component of the delayed rectifier K þ current. 38) Activation of the delayed rectifier K þ current plays an important role in initiating the depolarization process of the action potential. In this present study, however, there is no evidence to eliminate the possibility of these adverse effects coupling to suppress the response.
Taste cells are electrically excitable and can synapse with nerve fibers. The cells in taste buds are classed as proliferative basal and three mature types: type I cells, type II cells and type III cells. 39, 40) The physiological and biochemical differences of the cell types are poorly understood. Currently, type II cells expressing gustducin are known to be associated with the transducin of bitter, sweet and umami taste, 41, 42) although how these cells communicate with the nervous system is unknown. Type III cells synapse with afferent nerve fibers, 40, 43, 44) but whether these cells can transduce taste stimuli or not is unclear. Electrophysiologically, types I, II and III cells had voltage-gated inward Na þ and outward K þ currents, and a subset of blood antigen A-IR cells (type II) and NCAM-IR cells (type III) had voltage-gated Ca 2þ currents, while gustducin-expressing cells (type II) lacked the voltage-gated Ca 2þ current. 45) In our study, the cells were confirmed to have a voltage-dependent fast transient inward current of Na þ ions and slow outward current of K þ ions before denatonium application. However, the existence of a voltage dependent Ca 2þ current was not examined. Different transduction mechanisms for denatonium might be generated in different types of cell. Additional studies are required to clarify the relationship between the mechanism for denatonium response and the cell type.
In conclusion, we identified not only the G-proteindependent pathway, but also the G-protein-independent pathway to be involved in denatonium signal transduction. It would make sense for animals to have multiple mechanisms for denatonium signal transduction as a means of survival. It is of benefit for animals to have as many transduction mechanisms as possible against a specific and potentially harmful substance. Our findings may reflect the complexity of these mechanisms.
